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第一个工作中，我们基于三磷酸肌醇分子受体 (inositol 1,4,5-trisphosphate 
receptors, IP3Rs)通道和线粒体钙单向转运体 (mitochondrial calcium uniporter, 
MCU)之间形成的钙微域构建了一个内质网与线粒体互作的 Ca2+模型。我们的













运和产生有生理意义的钙信号，IP3R-MCU 的最优距离为 30-85 nm。我们揭示
线粒体内外膜的间距为防止高[Ca2+]Cyt 的发生提供了一种保护机制，并暗示当





IP3Rs通道集团中 blip 的行为，以及 blip 的生物学功能了解的很少。在第二个工
作中，我们模拟了小规模 IP3Rs 通道集团中局域钙信号的释放，主要研究了一

















事件的响应延迟时间与 IP3Rs 通道数目的倒数(1/N)呈线性关系，而相邻 puff 事
件的间隔期以及第一次 puff 事件的响应延迟时间与 1/N 为非线性关系。此外，
模拟结果还显示 blip 在所有局域事件中发生的比例以及它的频率都会随着静息
[Ca2+]Cyt 的增加而增大，从而使得 blip 对静息[Ca
2+]Cyt 的增加有持续的贡献。因
此，我们的结果暗示 blip 不仅仅只是未触发 puff 的局部事件，它可能可以通过





















The calcium ion (Ca2+) acts as a ubiquitous cellular messenger capable of 
regulating a wide variety of cellular processes. The complex spatial-temporal profiles 
of cytosolic Ca2+ concentration ([Ca2+]Cyt) relies mainly on Endoplasmic Reticulum 
(ER) and mitochondria in most of the eukaryotic cells.  
The critical role of Ca2+ microdomains in mitochondrial Ca2+ uptake is now well 
established in mitochondrial physiology. Most of the published mathematical models 
only focus on the ER, and a few models include mitochondria, but they are unrealistic 
or do not take the indispensable Ca2+ microdomains theory into account. In the first 
work, a Ca2+ signaling model is proposed to consider the crosstalk of Ca2+ ions 
between the ER and mitochondria within microdomains around inositol 1,4,5-
trisphosphate receptors (IP3Rs) and the mitochondrial Ca
2+ uniporter (MCU). Our 
model indicates that there is a critical IP3R-MCU distance at which 50% of the ER-
released Ca2+ is taken up by mitochondria and that mitochondria modulate Ca2+ 
signals differently when outside of this critical distance. When IP3R-MCU distance is 
larger than the critical distance mitochondrial Ca2+ uptake offers a positive 
modulation of Ca2+ release by reducing [Ca2+]Cyt amplitude to suppress the inhibition 
dynamics of high [Ca2+]Cyt on IP3Rs. However, when the IP3R-MCU distance is less 
than the critical distance, strong mitochondrial uptake forces [Ca2+]Cyt at a small value 
to prevent the activation dynamics of [Ca2+]Cyt on IP3Rs, offering a negative 
modulation on Ca2+ release. Our model predicts that when MCU are too closely 
associated with IP3Rs, the enhanced mitochondrial Ca
2+ uptake will produce an 
increase of cytosolic Ca2+ spike amplitude. Notably, the model demonstrates the 
existence of an optimal IP3R-MCU distance (30-85 nm) for effective Ca
2+ transfer 
and the successful generation of Ca2+-signals in healthy cells. We suggest that the 
space between the inner and outer mitochondria membranes provides  a defense 
mechanism against occurrences of high [Ca2+]Cyt. Our results also hint at a possible 
pathological mechanism in which abnormally high [Ca2+]Cyt arises when the IP3R-
MCU distance is in excess of the optimal range.  
Serving as a building block for Ca2+ waves at the global level and regulating 
















experimental and theoretical interest. However, little is known on the blip behavior 
for a cluster with several IP3Rs, and especially the possible biological roles of blips. 
In the sencond work, we model the local calcium release from small clusters with 
only several IP3R channels, focusing on the prevalence and frequencies of the 
stochastic opening of one channel either to trigger other channels to open (as a puff) 
or to fail to cause any channel to open (as a blip). We show that there are linear 
relations for the inter-event interval (including blips and puffs) and the first release 
event latency against the inverse cluster size. However, nonlinearity is found for 
inter-puff interval and the first puff latency against the inverse cluster size. 
Furthermore, the simulations indicate that the blip fraction among all release events 
and the blip frequency keep increasing with increasing basal [Ca2+], giving an 
increasing contribution of blips to basal [Ca2+]. This result suggests that blips are not 
just failures to trigger puffs, but they may also show a possible biological function to 
contribute to the initiation of calcium waves by a preceding increase of basal [Ca2+] in 
cells typically with small IP3Rs clusters. 
 
Key Words: Ca2+ signaling, Endoplasmic Reticulum, Mitochondria, IP3Rs, MCU, 






















图 1. 1) [2, 3]。同时，Ca2+参与包括细胞坏死、细胞凋亡以及细胞自噬等各种形
式的细胞死亡[4, 5]。因此，可以说 Ca2+是细胞内生死攸关的信使。 
 
 





























质中，这些门控通道包括：电压门控通道(voltage-operated channel, VOC)，钙库 
 
 
图 1. 2 钙信号系统的主要成分。黄色和蓝色箭头分别表示 Ca2+进入和离开细胞



















IP3R, inositol 1,4,5-trisphosphate receptor; NCX, Na
+/Ca2+ exchanger; PMCA, 
plasma membrane Ca2+-ATPase; ROC, receptor-operated channel; RYR, 
ryanodine receptor; SERCA, sarco/endo-plasmic reticulum Ca2+-ATPase; 
SMOC, second messenger-operated channel; SOC, store-operated channel; 
VOC, voltage-operated channel 。 图 片 来 源 于 Michale Berridge ，
www.cellsignallingbiology.org。 
门控通道(store-operated channel, SOC)，受体门控通道(receptor-operated channel, 
ROC)和第二信使门控通道(second messenger-operated channel, SMOC)；同时，
内质网中的 Ca2+还可由位于内质网膜上的三磷酸肌醇分子受体(inositol 1,4,5-
trisphosphate receptor, IP3R)和雷诺定受体(ryanodine receptor, RYR) Ca
2+释放通道
流入细胞质中。在―关反应‖中，细胞质中的 Ca2+可由位于细胞膜上的 Ca2+泵
(plasma membrane Ca2+-ATPase, PMCA)泵出到细胞外或由位于内质网膜上的
Ca2+泵 (sarco/endo-plasmic reticulum Ca2+-ATPase, SERCA)重新泵回到内质网
中。在此期间，Ca2+还可经位于线粒体膜上的 Ca2+单向转运体(uniporter)进入到
线粒体中或是与 Ca2+结合蛋白短暂结合。此外，位于细胞膜上的 Na+-Ca2+交换
体(Na+/Ca2+ exchanger, NCX)可使细胞内的 Ca2+流出细胞外，而位于线粒体膜上
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